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Human asthma is associated with airway infiltration by T helper 2 (TH2) 
lymphocytes. We observed reduced expression of the TH1 transcription factor, 
T-bet, in T cells from airways of patients with asthma compared with that in 
T cells from airways of nonasthmatic patients, suggesting that loss of T-bet 
might be associated with asthma. Mice with a targeted deletion of the T-bet 
gene and severe combined immunodeficient mice receiving CD4+ cells from 
T-bet knockout mice spontaneously demonstrated multiple physiological and 
inflammatory features characteristic of asthma. Thus, T-bet deficiency, in the 
absence of allergen exposure, induces a murine phenotype reminiscent of both 
acute and chronic human asthma. 

Human asthma is associated with reversible 
airway obstruction, airway inflammation, air- 
way hyperresponsiveness (AHR) and, airway 
remodeling. Murine models of asthma mimic 
many of the features of the human disease. In 
these models, the production of various cyto- 
kines including interleukin-4 (IL-4), IL-5, 
and IL-13 have been associated with the de- 
velopment of an asthma-like phenotype (1). 
In an adoptive-transfer model, enhanced ex- 
pression of interferon-y (IFN-y) by TH 1 cells 
in the airway protects against allergic disease, 
but the presence of T.l1 cells does not atten- 

uate TH2 cell-induced airway hyperreactivity 
and inflammation (2-6). T-bet, a T,, 1-specif- 
ic T-box transcription factor, transactivates 
the IFN-'y gene in TH1 cells and has the 
unique ability to redirect fully polarized TH2 
cells into Tl.1 cells, as demonstrated by si- 
multaneous induction of IFN-~y and repres- 
sion of IL-4 and IL-5 (7-10). 

We had previously observed that T-bet 
transcripts could be detected in lung tissue. 
Therefore, we investigated whether any dif- 
ferences were apparent in the levels of T-bet 
expressed in the lungs of patients with aller- 

gic asthma compared with T-bet levels in 
nonasthmatic patients. Immunohistochemis- 
try with a monoclonal antibody (mAb) to 
T-bet (11) revealed expression of T-bet in 
nonasthmatic control lungs with significantly 
less expression in seven patients with allergic 
asthma (Fig. 1B). Double staining for CD4 
and T-bet in consecutive sections showed that 
most of the cells expressing T-bet were 
CD4+ T cells. These observations in human 
tissue led us to speculate that T-bet deficien- 
cy might recapitulate aspects of the asthmatic 
phenotype. To test this hypothesis directly, 
we examined T-bet-deficient mice for 
changes associated with human asthma. 

In the absence of immunologic sensitiza- 
tion and challenge, mice either heterozygous 
(T-bet'/-) or homozygous (T-bet-/-) for a 
targeted deletion of T-bet, compared with 
wild-type (WT) mice, exhibited AHR to 
methacholine, as measured by the noninva- 
sive enhanced pause (Penh) method (12) 
(Fig. 2A). These findings were confirmed in 
another cohort of mice in which airway re- 
sponsiveness was measured by invasive tech- 
niques (13) after intravenous administration 
of methacholine (14). Histopathologic analy- 
sis of the airways of T-bet-/- mice at base- 
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Fig. 1. T-bet expression is down-regulated in human asthmatic airways. 
(A) (Left) Comparison of immunohistochemical expression and localiza- 
tion of T-bet in the human airways of control s'ubjects (top) and 
asthmatic subjects (bottom) after staining with a mAb directed against 
T-bet (10 ipg/ml). (Right) Consecutive sections were immunostained for 
CD4. Negative controls were performed by omitting the first antibody. 
Comparison between the upper and lower panels illustrates the decrease 
of T-bet expression in asthmatic airways. Even though numerous CD4+ 
T cells are present peribronchially, these cells are T-bet-negative. Orig- 
inal magnification, X200. (B) Enumeration of T-bet (left) and CD4+ cells 
(right) in two control groups and in patients with asthma. *P = 0.05, 
? P = 0.00050. 
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line demonstrated peribronchial and perive- 
nular infiltration with eosinophils and lym- 
phocytes as compared with control WT litter- 
mates (Fig. 2B) (14). T-bet'/- heterozygous 
mice, which display only a 50% reduction of 
T-bet protein expression, displayed a pheno- 
type very similar to that of mice with a 
complete absence of T-bet (15). 

Airway remodeling, a feature of chronic 
human asthma characterized by deposition of 
collagen III below the basement membrane, 
was present in naive T-bet-deficient mice 
(Fig. 2C). The thickness of this subepithelial 
collagen layer was evaluated in WT and in 
T-bet-deficient (T-bet-/- and T-bet+/-) an- 
imals (Fig. 2D). In the WT mice, there was 
minimal deposition of collagen beneath the 
basement membrane, whereas in the T-bet- 
deficient mice the subbasement membrane 
collagen layer was significantly thicker than 
it was in WT mice. In addition to a thickened 
collagen layer, there were increased numbers 
of bronchial myofibroblasts in the T-bet-de- 
ficient mice (Fig. 2E). These data indicate 
that the airways of T-bet-deficient mice un- 
dergo remodeling similar to that observed in 
humans with chronic asthma (16). 

Transforming growth factor- 1 (TGF- 
,31, a potent stimulator of tissue fibrosis), 
tumor necrosis factor-x (TNF-a), IL-4, and 
IL-13 were recovered in increased amounts 
from the bronchial alveolar lavage fluid 
(BALF) ofT-bet-/- mice compared with that 
from WT mice (14, 17). T-bet deficiency 
induced a selective alteration in patterns of 
cytokine expression in BALF because no sig- 
nificant changes were observed in IL-10 and 
IL-6 production (15). 

Although antigen sensitization and chal- 
lenge result in an induction of AHR in WT 
mice, animals with a targeted deletion of 
T-bet did not develop further AHR after sim- 
ilar treatment (14). However, mice with a 
targeted deletion of T-bet were more respon- 
sive without allergen challenge than were 
WT mice following antigen challenge. Anti- 
gen sensitization and challenge induced in- 
creased levels of IL-5 in WT mice, but among 
the T-bet-deficient animals, the levels of 
IL-5 were high before challenge and did not 
increase following challenge (14). 

Adoptive transfer of splenic CD4+ cells (or 
saline in control mice) from different groups of 
ovalbumin (OVA)-sensitized mice into histo- 
compatible severe combined immunodeficient 
(SCID) mice was used to examine the impor- 
tance of these cells in mediating the asthmatic 
phenotype. To enhance the localization of the 
transferred T cells into the lungs of mice, we 
administered OVA aerosol 1 day before and 3 
days after adoptive transfer. Four days after cell 
transfer, recipients of WT spleen CD4+ cells 
exhibited airway responsiveness comparable to 
that of WT mice that received OVA sensitiza- 
tion and challenge. Mice that had been recon- 
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stituted with CD4+ cells lacking T-bet showed 
increased AHR as compared with mice recon- 
stituted with CD4+ cells derived from WT 
littermates (Fig. 3A) and similar to that of 
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Fig. 2. Loss of T-bet results in increased AHR. (A) AHR was measured in 4- to 6-week-old WT and 
T-bet-deficient mice (20) by measuring Penh (enhanced pause) with a noninvasive whole-body 
plethysmograph system (Buxco Electronics, Sharon, CT) before and after administration of metha- 
choline aerosol (200 mg/ml, Sigma; Ultrasonic 5500D nebulizer, Devilbliss, Somerset, PA). Penh is 
a parameter derived from analysis of the respiratory pattern; increases in Penh are related to an 
increase in pulmonary resistance (12). Results are reported as maximal fold increase of Penh 
relative to baseline values. Data represent the mean ? SEM of at least eight mice per group (*P < 
0.05, **P < 0.01 for T-bet-deficient mice compared with WT mice; Student's two-tailed t test for 
independent events). (B) Histological features of naive WT and T-bet-deficient mice. Lungs from 
WT and knockout T-bet /- and T-bet-/- mice were fixed in 10% buffered formalin, embedded in 
paraffin, sectioned, and stained with hematoxylin and eosin. Airway inflammation is shown by an 
increased presence of peribronchial and perivascular infiltration with eosinophils and lymphocytes 
in T-bet-/- mice. Original magnification, x200. (C) Airway remodeling in T-bet-/- mice. Increased 
collagen deposition is apparent around the airways of T-bet-/- mice compared with that around 
the airways of WT mice (Trichrome/Masson stain). Original magnification, X200. (D) Peribronchial 
collagen .was quantified by measuring the collagen thickness (,um) beneath the bronchial epithe- 
lium normalized by dividing by the bronchial diameter (,im). There was a significantly greater 
amount of collagen around the airways of T-bet-deficient mice compared with that around the 
airways of WT mice (*P < 0.05, **P < 0.01). (E) Increased immunostaining of myofibroblasts in 
the airways of T-bet-deficient mice compared with that in the airways of WT mice. Staining for 
T-bet (red) and alpha smooth muscle actin (green) is shown (14). 

www.sciencemag.org SCIENCE VOL 295 11 JANUARY 2002 337 



REPORTS REPORTS 

naive mice spontaneously and is similar to 
that observed in mice following allergen sen- 
sitization and challenge. These data suggest 
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response to an increasing concentration of in- 
travenous methacholine was determined by 
standard measures of pulmonary mechanics in 
anesthetized and mechanically ventilated mice. 
The effective dose of intravenous methacholine 
required to double pulmonary resistance is 
termed ED200 RE; higher values of ED0oo RL 
denote lower levels of airway responsiveness 
(12). Adoptive transfer of OVA-specific CD4 
cells derived from mice lacking T-bet induced 
AHR in SCID mice as compared with similar 
mice reconstituted with OVA-specific CD4 cells 
derived from WT matched littermates (*P = 
0.05, **P = 0.0029). (B) An increase in IL-4 
production in the BALF was observed only in 
SCID mice reconstituted with CD4 cells derived 
from T-bet-/-) mice (*P < 0.05). 
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